INTRODUCTION
Propagating waves of neuronal activity (also known as traveling waves; Ermentrout and Kleinfeld, 2001; Wu et al., 2008) are frequently found when a large number of cortical neurons are activated during sensory or motor events (Benucci et al., 2007; Dorries and Kauer, 2000; Ferezou et al., 2006 Ferezou et al., , 2007 Freeman and Barrie, 2000; Han et al., 2008; Jancke et al., 2004; Lam et al., 2000; London et al., 1989; Lubenov and Siapas, 2009; Roland et al., 2006; Rubino et al., 2006; Senseman and Robbins, 1999; Sharon and Grinvald, 2002; Sharon et al., 2007; Slovin et al., 2002; Xu et al., 2007) . A sensory-evoked propagating wave starts at the cortical sensory representation and propagates into a larger area including the whole primary and secondary cortical areas (Benucci et al., 2007; Chen et al., 2006; Ferezou et al., 2006 Ferezou et al., , 2007 Jancke et al., 2004; Roland et al., 2006; Sharon and Grinvald, 2002; Sharon et al., 2007; Slovin et al., 2002; Xu et al., 2007) . Individual neurons may only be mildly depolarized during the wave, but with increased probability of firing action potentials (Ferezou et al., 2006; Petersen et al., 2003) . When a large population of neurons is coherently depolarized by such a wave, local interneuronal transmission may be increased. Thus a propagating wave might contribute to cortical processing by determining when and where the cortex is depolarized, in relation to a sensory or motor event.
Spiral waves are a particular form of propagating waves, rotating around a center point known as a rotor. A spiral rotor can emerge from free ends of a traveling wave front. The rotor, after being created, becomes a powerful rhythmic organizer by sending robust rotating waves outward (Winfree, 2001) . In this way, spiral waves may provide an essential mechanism for organizing the irregular activity of cortical neurons into rhythmic activity (Schiff et al., 2007) . Spiral waves have been found to play an important role in cardiac arrhythmia (Bub et al., 2003 (Bub et al., , 2005 Davidenko et al., 1992a Davidenko et al., , 1992b Jalife, 2003; Jalife and Gray, 1996) . In the nervous system, while spiral waves have been observed in turtle visual cortex (Prechtl et al., 1997) and rodent brain slices (Huang et al., 2004) , the existence of spiral waves in intact mammalian cortex has not been demonstrated. Dominant local excitatory interactions are essential for sustaining spiral waves in general (Winfree, 2001 ) and can explain why such patterns are seen robustly in slice preparations, where local excitatory interactions dominate (Huang et al., 2004) . In the cortex in vivo, long-range and nonlocal connections, such as thalamocortical and corticocortical connections may disrupt the spiral rotors and make spiral waves unsustainable. Therefore, spiral waves in intact cortex may occur during certain brain states when local excitatory interactions are predominant, while they are unsustainable in other brain states when long-range connections are strong.
Voltage sensitive dye imaging method provides adequate sensitivity and spatiotemporal resolution for identifying the spiral phase singularity, a hallmark of spiral waves. In this report, we examined the spiral dynamics under two conditions: in one condition, $10 Hz oscillations were induced by epidural application of carbachol and bicuculline. With this pharmacological manipulation, cortical local excitatory connections are greatly enhanced. In the other condition, sleep-like activity was induced with low levels of pentobarbital anesthesia. In this state, the cortex exhibits alternation of theta and delta rhythms, suggesting a strong influence of subcortical rhythm generators via longrange connections to the cortex. We found that spiral waves can be generated in both conditions but the rate of occurrence and duration of spiral waves varied greatly. Established spiral waves interact extensively with ongoing cortical activity, causing significant changes in the oscillation frequency, amplitude, and spatial coherence. These results suggest that spiral waves may participate in cortical activity by imposing its distinct spatiotemporal patterns to the cortical network. Compared to the spiral waves in brain slices, spiral waves in vivo are sustained for shorter times but the spiral center (phase singularity) drifted much faster, suggesting that cortex may have mechanisms to control the duration and location of cortical spirals.
RESULTS

Spiral Waves Emerged from Oscillatory Waves
Epidural application of carbachol and bicuculline induced spontaneous oscillations with a frequency range from 3 to 22 Hz. The oscillations are organized as epochs, each epoch containing 3-100 cycles. During the oscillations, spiral waves occurred alternately with other wave patterns within each oscillation epoch ( Figure 1A ). The occurrence of spiral waves was frequent, observed in about 40% of the 433 recording trials (12-16 s each trial, 24 animals). Most spiral waves (81%) were short lived, with a life span of 1-3 rotations, while the remainders ranged from 4 to 25 rotations (see Figure S4 available online).
Spiral waves have spatiotemporal patterns distinct from other waves, such as target and plane waves. Amplitude pseudocolor maps of spiral and plane waves during the same oscillation epoch are shown in Figures 1B and 1C (also in Movies S6 and S7). During spiral waves, a wavefront initiated in the upper-left corner of the field of view and rotated counter-clockwise around a center in the field, while plane waves initiated in the same area but propagated in straight line across the field.
The hallmarks of spiral waves are amplitude reduction and phase singularity at the spiral center (Huang et al., 2004) . Both are clearly seen in Figures 1A, 1B , and S1, indicating that the rotating waves we observed were true spiral waves. In Figure 1A , the optical signal near the spiral center shows significant amplitude reduction during spiral waves, while the optical signal from outside of the center does not. In order to show the spatial two small green dots mark the optical detectors whose traces are plotted on the right; large gray dot marks the location of the EEG electrode. Right plots: raw data traces from the EEG (blue) and two optical detectors labeled on the left. Detector 2 (Optical spiral center) is selected from the spiral center, showing large amplitude reduction. Detector 3 is selected from a location that spiral center never swept through, showing no amplitude reduction. Wave patterns, plane, or spirals, are determined by amplitude and phase maps of the voltage-sensitive dye signals shown in (B) and (C), respectively. The spatiotemporal patterns of two cycles of the oscillation marked with blue and red squares are shown in (C) and (B), respectively. (B and C) Amplitude and phase maps during spiral (B) and plane (C) waves from the same field of view. For amplitude maps, the VSD signals on all detectors were normalized to the peak amplitude of the whole field and then were converted to pseudocolor according to a linear color scale (top right). For phase maps, the phase on each detector was assigned a color on a linear color scale from Àp to p (middle right). Phase singularity, as a point with highest spatial phase gradient in the entire field, is seen during spiral waves but not during other wave patterns. The left grayscale images show the spatial distribution of the amplitude standard deviation (SD) during the two periods marked by blue and red squares in (A). Darker color indicates smaller SD and brighter color indicates larger SD. Note that an area of small SD, indicating amplitude reduction, is seen around the spiral phase singularity. Another example of spiral waves from a different animal is shown in Figure S1 . More information of spiral waves and plane waves can be obtained from supplement movies (Movies S1, S2, S6, and S7).
distribution of amplitude reduction, we mapped the amplitude standard deviations (SD) of all detectors within selected periods. As expected, the reduced amplitude around the spiral center results in a small SD, while outside the center, the phase modulation of a large amplitude results in a large SD. The SD map (grayscale image) in Figure 1B clearly shows a dark area around the spiral center, indicating reduced amplitudes. In contrast, the plane wave had an evenly distributed SD ( Figure 1C , grayscale image). Amplitude reduction was observed in both short and long spirals, indicating that the reduction is exclusively linked to the development of spiral waves and is independent of the length of oscillation epochs. A phase singularity was observed in the spatial phase map (Figure 1B, bottom row, and Figure S1B) , in which the phase distributions within the field of view were mapped between Àp and p. During spiral waves, a distinct pinwheel pattern was seen in the phase map. At the center of the pinwheel, the spatial phase gradient was highest, and one point was surrounded by all phases (Figures 1B and S1B; Movie S1). This point is referred to as ''the phase singularity'' (Winfree, 2001) . During plane waves, phase gradients are much smaller and there is no phase singularity ( Figure 1C , bottom row, and Movie S2).
Spiral Waves in Sleep-like States
Next, we investigated whether spiral waves can also exist in neocortex during sleep-like states, without enhancement of the local excitatory connectivity by locally applied carbachol/bicuculline (Cch/bic). The sleep-like states were induced with slow withdrawal of pentobarbital anesthesia. The animals were first given an initial induction dose of pentobarbital (50 mg/kg), followed by tail vein infusion at a low rate of 6-9 mg/kg-hr. When the initial anesthesia wore out after 2-3 hr, an alternation of EEG patterns (theta/delta waves) occurred under the low maintenance infusion (Figure 2A ). The pentobarbital infusion rate (9-15 mg/kg-hr) was then carefully adjusted for each individual animal to sustain the alternation of theta/delta wave patterns. The theta/delta alternations resemble the rapid eye movement (REM) state in rodent natural sleep (Montgomery et al., 2008) . These alternations occur spontaneously, not a direct consequence of acute adjustment of anesthesia level. As shown in Figure 2A , a slight increase in the pentobarbital infusion rate (marked by the yellow line) can gradually shift the alternative theta/delta state to a stable delta-dominant state. Conversely, slight decreases in the infusion rate result in shifts from the delta-dominant state back to the alternating theta/delta state. Spiral waves occurred frequently during sleep-like states and the rate of occurrence varied substantially with different EEG patterns and demonstrated a higher rate during the delta-dominant state (0.9 ± 0.36/s, mean ± SD, n = 92, from 5 animals) and a lower rate during the theta-dominant state (0.28 ± 0.32/s, mean ± SD, n = 122, from 5 animals). In the experiment shown in Figure 2 , the EEG was recorded continuously and imaging trials were taken intermittently (timing marked by white dots in Figure 2A ), during both the theta-dominant state (e.g., 2, 3, 6 in Figures 2A and 2B ) and the delta-dominant state (e.g., 1, 4, 5 in Figures 2A and 2C) . Simultaneously recorded raw EEG (blue) and VSD (black) signals are shown in Figures 2B and 2C . Spiral waves were identified with imaging analysis, and their occurrence and duration are marked by red lines between the raw signal traces. The rate of occurrence of spiral waves differed significantly between the two states, as demonstrated in the example trials ( Figures 2B and 2C) . Of all 70 imaging trials performed on this animal, 24 were taken during delta-dominant state and 132 spiral waves are identified. In contrast, in the 46 imaging trials taken during the theta-dominant state, only 70 spiral waves were found. The occurrence frequency of spiral waves during the delta-dominant state was about four times that during theta-dominant state ( Figure 2E ). Another example from a different animal is shown in Figure S2 .
During these sleep-like states, spiral waves were only sustained for a short duration. In 762 spiral waves seen in five animals, only six cases were more than two rotations in duration; the majority (88%) contained less than one cycle (cases with less than 1/6 rotations were disregarded as uncertain). Three examples of spiral waves are shown in Figure 2D . Double spirals with opposite rotation directions were often seen during sleeplike states ( Figure 2D , bottom row images). In all animals examined, double spirals were seen in $40% of the cases. Breaking of plane waves is a possible mechanism for generating double spirals (discussed in Figure 8C ).
Spiral Waves Correspond with Changes in the Frequency of Ongoing Activity
The emergence of spiral waves corresponds with changes in the frequency of cortical activity. This change is most obvious in long-lasting spiral waves during Cch/bic oscillation. Frequency-time analysis showed that long-lasting spiral waves have prominent modulation effects on the oscillation frequencies (Figures 3 and S3 ). In the example in Figure 3A , a segment of oscillation signal containing spiral waves are shown with a corresponding frequency spectrum. Frequency differences can be clearly seen in the trace before and during spiral waves. Before the development of a spiral wave, there were multiple frequency components in the signals and the major component was low of frequency; however, when the spiral wave was fully developed, there was only one single frequency component left and this component had a higher frequency. When the spiral phase singularity disappeared (marked by a black arrow), the single frequency component broke up into multiple components. Similar influences on the frequency can also be seen in other examples shown in Figures S3A-S3C . These examples suggest that established spiral waves have a powerful modulating effect on cortical oscillation frequencies. The major frequency components during spiral waves are similar in different animals, suggesting that spiral waves in the cortex may have a preferred intrinsic frequency, probably determined by their rotation angular velocity. Interestingly, the spiral waves are not a high power event as we can see in Figures 3A and S3A-S3C. Apparently, the powerful modulating effect on the overall frequency was not caused by a high level of neuronal activity that overwhelmed the system. Instead, a spiral singularity is a dynamically stable event, which might recruit neurons into its dynamical regime without increasing the power. The system entrained by spiral waves was not only seen in these individual examples, but also seen in statistical analyses. In 394 spiral waves observed, 89% occurred in a frequency range between 9 Hz and 16 Hz ( Figure 3C ). The overall frequencies of spiral waves are higher ( Figure 3C ) than those of control wave patterns (segments of signals longer than 300 ms, randomly chosen from each trial regardless of the presence or absence of spiral waves in the section).
Short-lived spiral waves during sleep-like states are also associated with changes in cortical frequency components. In examples shown in Figures 3B and S3D -S3F, the emergence of a spiral phase singularity showed similar effects of reducing system power and shifting the dominant frequency. While the short spirals had less obvious effects in individual cases, as compared to the Cch/bic condition, a statistical analysis with pooled data did show significant shift in average frequency (Figure 3D) . In this analysis, we chose all the short-lived spiral waves from the same animal and randomly selected a control section for each spiral case. The frequency spectrum during spiral waves was significantly different from control patterns ( Figure 3D ). Spiral waves showed a significantly higher frequency peak (Figure 3D , blue curve), similar to that seen under Cch/bic induced oscillations ( Figure 3C ).
Spiral Waves Associated with Reduced Spatial Coherence
The emergence of spiral waves is associated with significant reduction in the spatial coherence of cortical activity. Such reduction can be observed in both raw optical recording traces and the plot of mean correlation coefficient (MCC, see Experimental Procedures). During the theta-dominant phase of the sleep-like state, cortical activity manifests as plane propagating waves. Optical signals on different detectors were well correlated ( Figure 4A , upper traces), and the spatial coherence measured by MCC from all detectors was high due to a small spatial phase gradient ( Figure 4A , bottom trace). When a spiral wave emerged (marked by the red bars in Figure 4A ), the variations between optical traces became larger. This was manifested as a sharp drop in the MCC, indicating that spiral phase singularities are associated with lower spatial coherence. Similar changes in the optical signals and the MCC during spiral waves were also seen during delta-dominant sleep-like state and Cch/bic induced oscillations ( Figures 4B and 4C, respectively) .
Analysis of data from 5 animals with 762 spiral wave events during sleep-like states is shown on Figure 4D . In the MCC calculation, we selected a 300 ms recording segment from each spiral wave (''spirals'') along with another randomly selected 300 ms segment without spiral waves (''other patterns''). The MCC from the two groups show significant differences (p < 0.0001), suggesting a large decrease in spatial coherence associated with spiral events ( Figure 4D ).
Short-Lived Spiral Waves and Their
Impact on the Local Frequency Spiral waves in the intact cortex were not as stable as in slices. Most spiral waves during sleep-like states were shorter than two cycles. Even during Cch/bic induced oscillations, most spiral waves (81%) were only sustained for one to three cycles, as shown in the distribution of life span of spiral waves ( Figure S4 ). Ongoing background activity and long-range connections may contribute to this short duration and instability. Short-lived spiral waves do not change frequency over a large range or a long period. However, they may still have a profound impact on local frequency. We often observed that oscillation frequencies were not evenly distributed spatially, and the frequency often fluctuated during short-lived spiral waves. Short-lived spirals often temporarily increase the frequency in a local area. Figure 5A shows the spatial distribution of frequencies during a short-lived spiral wave in Cch/bic induced oscillations. Over a duration of 400 ms, there were two cycles of spiral waves rotating counter-clockwise followed by two cycles of plane waves propagating from the right to the left of the imaging field. During spiral waves, one triangular area in the field of view showed a higher frequency ( Figure 5A , upper image, yellow-red region) than the rest of the field. In contrast, during plane waves the entire field exhibited little fluctuation ( Figure 5A , bottom image, all green). The power spectrum of the signals from two selected detectors in the imaging field are plotted to demonstrate this difference. The peak frequency of detectors in the triangular area is about 16 Hz during spiral waves and 11 Hz during plane waves. The peak frequency at detectors outside of the triangular area was $11 Hz and did not change significantly during spiral or plane waves. Figure 5B shows more examples from six different animals. High-frequency patches were shown when spiral phase singularities were identified (one example shown in Figure 5B , bottom row images). Similar changes in spatial frequency distribution are also seen during spiral waves observed in sleep-like states, where most of spiral waves are shorter than 1 rotation ( Figure 5C ). When double spirals were identified ( Figure 5C , bottom row images), two areas of frequency change were observed ( Figure 5C , upper row, Amplitude Reduction during Spiral Waves Amplitude reduction surrounding a phase singularity is the hallmark of true spiral waves (Winfree, 2001) . In cortical slices and in computational models, amplitude reduction only occurs in a small area around the phase singularity (Huang et al., 2004) . In contrast, the area of amplitude reduction is much larger for spiral waves in cortex in vivo during both sleep-like states and Cch/bic oscillations ( Figures 1B, S1B , and S2C). To quantify the spatial profile of the amplitude reduction, we employed the Hilbert transform to estimate the ''instantaneous amplitude'' (Hilbert amplitude) so that the modulation of the phase is excluded. Hilbert amplitude maps in Figures 6A-6C clearly show areas with amplitude reduction (blue) surrounding the phase singularities, demonstrating that the reduction in the amplitude is real, and not the result of phase modulation. The profiles of amplitude reduction show significant differences between the in vitro and in vivo conditions: in slices, the amplitude drops sharply from the periphery to the spiral center ( Figure 6D , black curves), while in vivo, it drops gradually ( Figure 6D , red and blue curves). No significant difference was seen between the two in vivo conditions. To confirm these findings, we examined 40 cases of spiral waves (containing at least two rotations) from eight animals during Cch/bic induced oscillations and 31 short-lived spiral waves during sleep-like states from five animals. We found that in both conditions, on average, an area of $1600 mm in diameter around the phase singularity exhibited an amplitude reduction of over 50% ( Figure 6E ). In comparison, we measured the amplitude reduction in 26 spiral waves in cortical slices from five animals, and found that the area of amplitude reduction is only $600 mm in diameter, significantly smaller (p < 0.0001) than that of in vivo spirals ( Figure 6E) . The difference between in vivo and in vitro spirals suggests the involvement of thalamocortical and other non-local connections during in vivo spiral waves. The similarity between the two in vivo conditions (with and without bicuculline) suggests that GABAergic inhibitions do not play a significant role in this amplitude reduction.
Drifting of Spiral Phase Singularity
In our previous studies in brain slices (Huang et al., 2004) , we observed that the spiral phase singularity drifted in the cortex, suggesting that the spiral wave does not rotate around a column or other anatomical structure. The drift of the spiral phase singularity was much larger and faster under in vivo conditions, both in the long spiral waves during Cch/bic induced oscillations and in short-lived spirals during sleep-like states (Figure 7 ; Movie S3). Figures 7A-7C and Figure S5A show examples of the trajectory of spiral phase singularities during spiral waves in different conditions. In cortical slices, the spiral phase singularity drifted a short distance progressively in each rotation and between rotations. In contrast, in the cortex in vivo, phase singularities in both Cch/bic induced oscillations and sleep-like states drifted a longer distance per rotation, at faster speeds and covering a larger area. In order to quantify the difference between slices and in vivo, we calculated the traveling distance of spiral phase singularities per unit time for both types of preparation. As shown in Figures 7D and S5B , there was a large difference in average drifting speed for spiral centers in vivo and in slices. Because of the large standard deviations caused by the inconsistencies in the drifting velocity of the phase singularity, we used an unpaired t test, Welch's test, to calculate the difference between data from in vivo and in vitro. The results show that on average, the phase singularities of in vivo spirals drifted much faster than that of in vitro (p < 0.001), and drifted faster in sleep-like states than in Cch/bic induced oscillations (p < 0.001). Since we used visual cortical area for imaging in both slices and in vivo, the local connections should be similar. The large drift in intact brain is therefore likely due to nonlocal connections, which may selectively activate various local areas, creating spatial unevenness and an excitability gradient that could facilitate the drift of spiral waves.
DISCUSSION
This report demonstrates the existence of spiral dynamics in the intact mammalian brain during pharmacologically induced oscillations and sleep-like states. Intact cortex exhibits rhythmic activities generated from cortical and subcortical sources. Spiral waves may act as a robust rhythm generator and spatial pattern organizer, interacting with cortical rhythms. We found that the emergence of spiral waves has a large impact on the oscillation frequency, spatial coherence, and amplitude of cortical activity. Even short spiral waves can have a significant impact. Compared to spiral waves previously observed in brain slices, spiral waves in the intact cortex have shorter duration, the phase singularity drifts much faster, and the spatial extent of amplitude reduction is much larger. These main findings suggest that cortical networks are able to generate and sustain spiral waves and that the duration and spatial location of spiral waves are controlled in intact cortex by a number of mechanisms. Spiral waves might participate in cortical processing as either rhythm generators or as spatial organizers of population neuronal activity.
Mechanisms for Generating Cortical Spiral Waves
We propose that cortical spiral waves are not generated by specialized ''spiral circuits,'' but instead, by a dynamic mechanism involved in the propagation of an excitation wave. In this The difference between in vivo (Cch/bic) and in vivo (sleep-like) is also significant. Average of traveling distance at unit time under these three conditions was shown in Figure S5B . sense, the process for generating cortical spirals is similar to that involved in spiral generation in the excitatory continua during Belousov-Zhabotinsky reactions (Keener and Tyson, 1986) , calcium waves on the surface of fertilizing Xenopus oocytes (Lechleiter et al., 1991) and spreading depression waves in the retina (Gorelova and Bures, 1983 ). This process is illustrated in Figure 8A , where the propagation direction (black arrows) of neuronal excitation is pointing away from the refractory region (gray area). At the free end of the wave, however, the excitation can spread to both the front and side directions, resulting in combined propagating directions that are different from the direction in the planar portion of the wave front (Figure 8A , orange arrows). With time ( Figure 8A , T1-T3), the change in propagating directions creates a curvature to the front edge of the wave, converting a planar wave into a spiral wave. The curvature is largest at the point (s), where the largest difference in the propagation direction (blue arrow) occurs. Creating free ends in a propagating wave is thus the key for generating spiral waves.
Free ends can be created by the collision of two waves, and some of these free ends will develop into spiral waves (Pá lsson and Cox, 1996; Steinbock and Mü ller, 1993; Winfree, 1989) . Such a mechanism may contribute to the initiation of spiral waves in slices (Movie S5) and may also be involved in the generation of in vivo spiral waves. Free ends can also be created by the breaking of plane waves, which was frequently seen during sleep-like states. The breakup point in a planar wave-front generates two free ends and these two free ends can evolve into a pair of spirals with opposite rotation directions, as illustrated in Figure 8B . Double spirals with opposite rotating directions were frequently seen ($40%) during sleep-like states. A close examination of initiation of double spirals revealed the process of the breaking of a plane wave ( Figure 8C ). In this sense, breaking of a wave-front appears to be a common mechanism involved in the generation of spiral waves during sleep-like states.
Spiral Waves and Network Structure
The formation and maintenance of spiral waves requires strong local excitatory interactions. It is known in several biological systems that once a spiral rotor (phase singularity) is generated, it is protected from external disruptions by this strong interaction of surrounding rotating waves (Bub et al., 2003 (Bub et al., , 2005 Davidenko et al., 1992a Davidenko et al., , 1992b Gorelova and Bures, 1983; Harris-White et al., 1998; Lechleiter et al., 1991; Siegert and Weijer, 1995; Verkhratsky et al., 1998) . This unique protection of the rotor makes it difficult to extinguish sustained spiral waves, which leads to harmful reentry patterns underlying cardiac fibrillation (Jalife, 2003) . However, the situation in the cortex is different. Cortical networks contain both local and long-range connections, resembling a network structure with ''small world'' topography (Strogatz, 2001; Watts and Strogatz, 1998) . We hypothesize that modulations arising from a third dimension by long-range thalamocortical and corticocortical connections may change the excitability of the local network, and by doing so, control the emergence, drifting, and extinction of spiral waves. This hypothesis is supported by experimental data in three scenarios: in neocortical slices, in intact cortex during Cch/bic oscillations, and during sleep-like states.
In neocortical slices, most nonlocal connections are removed during slice preparation. When local excitatory interactions were enhanced by carbachol and GABAa inhibition was eliminated by bicuculline, stable spiral waves with longer life span and less drifting rotor were frequently observed (Huang et al., 2004 ; Figure 7) .
In intact cortex with epidurally applied carbachol/bicuculline, while the local excitatory connections are enhanced, there are still abundant long-range connections between cortex and subcortical structures and between different cortical areas. Long-range inputs to the cortical local network may disrupt spiral waves by modulating the excitability of the network or by inducing other rhythms. Compared to slices, most in vivo spiral waves are short lived. Long-range inputs to the local network may also change the spatial homogeneity of the network excitability. Inhomogeneity is suggested to underlie the drifting of singularities in many systems (Davidenko et al., 1992a (Davidenko et al., , 1992b Gorelova and Bures, 1983; Gottwald et al., 2001; Kheowan et al., 2004; Mikhailov and Showalter, 2006; Steinbock and Mü ller, 1993) . The large drift of the phase singularity ( Figure 7 ) in vivo is probably due to the dynamic inhomogeneity introduced by the long-range inputs.
Long-range connections between cortex and subcortical structures might also disturb the fine geometry of the spiral rotor, causing a larger area of amplitude reduction around the phase singularity ( Figure 6 ). Around the phase singularity, there is a large spatial phase gradient. This phase gradient may be projected to a subcortical network by long-range interactions without a spatial point-to-point relationship, resulting in reduced activity in a larger area.
In sleep-like states, the local excitatory interactions should be weaker and inhibition stronger than that with carbachol and bicuculline. Under this condition, propagating waves created by ongoing activity may break frequently, and a fraction of these free ends may further develop into spiral waves (Figure 8 ). The rate of occurrence of spiral waves varies significantly during different sleep-like states ( Figure 2 ). As stated above, spiral waves occur frequently during the delta-dominant state and much less during ''tonic theta'' episodes during theta-dominant states. During ''tonic theta'' episodes, the cortex is strongly influenced by subcortical rhythms (Montgomery et al., 2008) , via long-range projections. Such external modulations may form a less favorable condition in the cortical local circuits for spirals to generate and be sustained. In contrast, delta waves are more flexible and are usually separated by activities with multiple frequencies. The unsynchronized period, which is advantageous for generation of spiral waves, is much longer in delta-dominant state than that in theta-dominant state. This probably results in the higher occurrence rate of spiral waves in delta-dominated state. The life span of spiral waves is shorter during sleep-like states compared to under Cch/bic condition, probably because the weaker local excitatory interactions and stronger inhibitions allow spiral waves to be easily disrupted by ongoing activity.
Spiral Waves and Cortical Rhythms
Spiral waves in intact cortex have a large impact on rhythmic cortical activity (Figures 3 and S3) . A spiral wave can organize an oscillation over space, with a frequency equal to the rotation The propagating direction (black arrows) at the planar portion of the wave (f) is perpendicular to the front edge of the excitation and pointing away from the refractory tail (gray). In contrast, around the free-end of the wave (b), propagating directions (orange arrows) are different, because the excitation also spread to the side. With time (T1-T3), the difference in propagating directions creates a curvature to the wave front. The curvature is largest at the point (s), where a largest difference in the propagation direction (blue arrow) occurs. This is an inevitable dynamical process that converts a planar wave into a spiral. (B) A plane wave may break in the middle, creating a pair of spirals rotating in opposite directions. (C) During sleep-like states, broken in the wave front edge is frequently seen (white arrow), resulting in a pair of spirals. Imaging data were collected during delta-dominant periods of sleep-like state, similar to the condition of Figure 2C . The imaging area is 4 mm in diameter. In Movie S5, we show that wave collision is another possible mechanism for spiral formation. rate and phase distributed around the phase singularity. An established long-lasting spiral wave may attract the cortical rhythms to the frequency of that spiral wave . Such attractor dynamics have been predicted by theories based on data from cortical slices (Schiff et al., 2007) and are consistent with the data in this report from the intact brain. While the modification to cortical frequency is less obvious in short-lived spirals, a shift of the overall frequency is statistically significant in grouped data ( Figure 3D ). We also noticed that the network frequency exhibited a significant reduction immediately after a long-lasting spiral wave ( Figure S3H ), suggesting that the network oscillation was temporarily entrained at a higher frequency due to the engagement with spiral waves. Analysis of hundreds of spiral waves strongly supports the notion that the emergence of spiral waves can entrain the oscillations into a higher frequency range. Since spiral waves occur frequently during certain brain states, the contribution of the spiral waves to the overall cortical frequency may be significant.
In intact brain, subcortical generators can be strong and dominate cortical rhythms (Contreras et al., 1996; Steriade et al., 1993; Steriade and Timofeev, 2003) . In rodent, thalamocortical delta and hippocampal theta rhythms are dominant during different phases of sleep (Montgomery et al., 2008) . We found that the occurrence of spiral waves is strongly correlated to the cortical rhythms (Figure 2) . During a train of theta waves (''tonic theta,' ' Montgomery et al., 2008) , there were almost no spiral waves seen ( Figures 2B and S2B ). In contrast, during deltadominant states, the oscillations in the cortex are less regular and having a high rate of spiral waves ( Figures 2C and S2B ).
Possible Functions of Cortical Spiral Waves
Spiral waves may participate in cortical processing by organizing neuronal activity over space. Such a mechanism may reduce the frequency components in the cortical activity and the spatiotemporal complexity, as shown in our data (Figures 3 and S3) and suggested by theoretical analysis (Schiff et al., 2007) .
The robust feature of spiral waves may be harmful and lead to pathological oscillations. Spiral waves are known to underlie the mechanism of fibrillations in cardiac ventricles and atria (Jalife, 2003) . Long-lasting spiral waves in the cortex may contribute to seizures and other abnormal rhythms. Robust spiral waves lasting for hundreds of cycles were observed in the cortex of epileptic Mongolian gerbils, which serve as a model of focal epilepsy (K.T. and F. Ohl, unpublished data).
Since robust spiral dynamics are often catastrophic, the normal cortex should possess mechanisms to prevent persistent spiral waves from disturbing normal function. We found that most cortical spirals are short lived ( Figure S4 ), suggesting that cortical spiral waves can be effectively controlled. The activity from long-range connections may penetrate the protecting zone surrounding the spiral phase singularity, making the singularity unstable. The existence of such a mechanism is strongly supported by our experimental data from sleep-like states, during which the emergence of spiral waves was strongly correlated with the brain states ( Figures 2E) .
Short-lived spiral waves may participate in cortical processing. In the turtle cortex, short-lived spiral waves were observed during visual stimulation, suggesting that spiral waves may play a role in visual processing (Prechtl et al., 1997) . Spiral dynamics may be involved in prolonging sensory-evoked activity for interacting with subsequent inputs, suggested by our network models (Huang et al., 2004) . Spiral waves, as a locally generated event, may also help a local cortical circuit to quickly disengage from globally synchronized rhythms, as suggested by the spatial coherence analysis (Figure 4) . Such disengagement may play a role in switching between sleep states. Large phase changes in ongoing cortical oscillations can facilitate the sensory responses in multisensory processing (Lakatos et al., 2007) . Spiral waves can create large spatial phase gradients ( Figures  3 and 4) . These phase changes may participate in sensory processing by setting the ongoing activity in either high excitable phases to enhance the response to further inputs or in a low excitable phase to reduce the sensory response.
Sensory responses are known to trigger propagating waves in the cortex (Ferezou et al., 2006; Freeman and Barrie, 2000; Han et al., 2008; Lam et al., 2003; Prechtl et al., 1997 Prechtl et al., , 2000 Senseman and Robbins, 1999; Xu et al., 2007) and collisions between two waves at certain timing and angle are known to generate spiral waves (Pá lsson and Cox, 1996; Steinbock and Mü ller, 1993; Winfree, 1989) . Visual stimulation at two different locations in the visual field triggers two waves in the visual cortex, and interaction between these two waves occasionally generate short-lived spirals (data not shown). Exploring sensory-induced spiral waves would be the next step toward understanding the involvement of spiral dynamics in cortical processing.
In conclusion, while our understanding of the functional relevance of cortical spatiotemporal patterns is in its early stage, spiral waves provide a dynamic pattern that emerges from cortical population interactions and may have a powerful influence on the cortical oscillations and cortical processing.
EXPERIMENTAL PROCEDURES
Sprague-Dawley rats (250-400 g, n = 29) were used in the experiments. Surgical procedures were approved by Georgetown University Animal Care and Use Committee following NIH guidelines. Briefly, animals were initially anesthetized to surgical level with intraperitoneal (IP) injections of urethane (1.25 g/kg) or pentobarbital sodium (60 mg/kg). A craniotomy window of $6 mm in diameter was opened over the visual cortex in the left hemisphere. After opening the skull, the dura mater was not removed, and voltage-sensitive dye solution (RH-1691 or RH-1838, (Shoham et al., 1999) Optical Imaging, 1mg/ml in Ringer solution) was applied transdurally for 2 hr. A silver ball electrode was used for local EEG recording. Visual cortex was imaged by a 53 macroscope. The field of view is about 4 mm in diameter and the image of the cortex is projected onto a 464-photodiode array (WuTech Instruments). Optical signals were digitized concurrently with local EEG and ECG signals. The voltage-sensitive dye signals have excellent signal-to-noise ratio ($10), enough to identify the amplitude reduction and phase singularities of spiral waves. For additional information regarding the VSD method see Wu and Cohen (1993) and Lippert et al. (2007) .
Inducing Oscillations
Bicuculline (0.05 mM in saline) and carbachol (1 mM in saline) were applied epidurally to induce oscillations in the visual cortex. In some experiments, a bicuculline pretreatment procedure was used to induce additional wave initiation sites in order to increase the chance of wave interaction. Two tiny filter paper pieces soaked with bicuculline (1 mM) were placed onto the cortex at different locations for 10 min before inducing the oscillation.
Inducing Sleep-like States Anesthesia was induced with 2.5% of isoflurane (in O 2 ) via a nose mask. A tail vein catheter is then quickly established and an initial dose of pentobarbital (50-60 mg/kg) is infused within 30 s. During infusion, isoflurane is gradually reduced to 0% and the mask is removed. With the EEG (EEG electrode: 3.0 mm posterior to bregma, 1 mm lateral to midline) and heart rate closely monitored, tail vein infusion of pentobarbital is maintained at a constant low rate of 6-9 mg/kg-hr through the surgery and staining procedures. Under the low infusion rate the initial anesthesia would wear out in 2-3 hr and alternations of EEG theta/delta patterns occur. The pentobarbital infusion rate (9-15 mg/kg-hr) is then carefully adjusted for each individual animal to sustain the alternation of theta/delta patterns.
Slice Experiment
Cortical slices (500 mm) sectioned at tangential plane were obtained from P21-35 Sprague-Dawley rats (described in Huang et al., 2004) . Slices were stained with 5-10 mg/ml of voltage-sensitive dye NK3630 (Nippon Kankoh-Shikiso Kenkyusho, Okayama, Japan) for 60-120 min (26 C) and perfused in a submersion chamber during imaging experiment at 28 C. Imaging was performed with a photodiode array on an upright microscope with transillumination (absorption) arrangement (Huang et al., 2004) . Episodic oscillations (4-20 Hz) occurred spontaneously when the slices were perfused with 100 mM carbachol and 10 mM bicuculline in the ACSF, and the oscillations manifested spatiotemporally into spiral and other forms of wave patterns.
Data Analysis
The optical data were analyzed using the program NeuroPlex (RedShirtImaging) and programs written in MatLab. A mathematical algorithm was used to remove the heart beat artifact (Lippert et al., 2007) . Spirals were identified by phase singularities as described in the previously (Huang et al., 2004) . Briefly, raw optical signals are first band-pass filtered between 3 and 50 Hz. Single value decomposition (SVD) method (Prechtl et al., 1997) was also used to remove the noises in the data set obtained during sleep-like states.
Hilbert Amplitude
Hilbert transformation (MatLab Signal Processing Tool Box, function ''hilbert'') was used to decompose the signal on each detector. The analytic signal S a (t) (Rosenblum et al., 1996; Sun et al., 2008) is defined as S a ðtÞ = sðtÞ + j sðtÞ = AðtÞe j4ðtÞ
( 1) where the real part s(t) is the original data obtained in experiments and the imaginary part sðtÞ was given by the Hilbert transform of s(t),
(P means the Hilbert transform is defined using the Cauchy Principal Value). Then the ''Hilbert amplitude'' A(t) and ''instantaneous phase'' 4(t) are given by AðtÞ = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi s 2 ðtÞ + s 2 ðtÞ p (3) 4ðtÞ = arctan sðtÞ sðtÞ
Here, 4(t) and A(t) were obtained from each individual detector, independent from the wave pattern and spatial relationship among detectors. The spatial maps of 4(t) from all detectors at given time points t1, t2. were used for identifying a phase singularity (a point surrounded by all 4 values from Àp to p). Spirals were defined by the occurrence of singularity for at least 30 consecutive frames. The spatial maps of A(t) were used for demonstrating the amplitude reduction near spiral center (Figure 6 ).
Mean Correlation Coefficient (MCC)
The correlation coefficient between all pairs of the 464 detectors was calculated in the standard manner (Matlab function ''corrcoef''), resulting in a matrix (464 3 464) of correlation coefficients. The values at the diagonal of the matrix, which are autocorrelation coefficients, were excluded. The mean correlation coefficient was defined as the mean value of other correlation coefficients with a total number of 463 3 464.
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